ABSTRACT Cell-cell adhesion couples the contractile cortices of epithelial cells together, generating tension to support a range of morphogenetic processes. E-cadherin adhesion plays an active role in generating junctional tension by promoting actin assembly and cortical signaling pathways that regulate myosin II. Multiple myosin II paralogues accumulate at mammalian epithelial cell-cell junctions. Earlier, we found that myosin IIA responds to Rho-ROCK signaling to support junctional tension in MCF-7 cells. Although myosin IIB is also found at the zonula adherens (ZA) in these cells, its role in junctional contractility and its mode of regulation are less well understood. We now demonstrate that myosin IIB contributes to tension at the epithelial ZA. Further, we identify a receptor type-protein tyrosine phosphatase alpha-Src family kinase-Rap1 pathway as responsible for recruiting myosin IIB to the ZA and supporting contractile tension. Overall these findings reinforce the concept that orthogonal E-cadherinbased signaling pathways recruit distinct myosin II paralogues to generate the contractile apparatus at apical epithelial junctions.
MBoC | ARTICLE An RPTPα/Src family kinase/Rap1 signaling module recruits myosin IIB to support contractile tension at apical E-cadherin junctions ABSTRACT Cell-cell adhesion couples the contractile cortices of epithelial cells together, generating tension to support a range of morphogenetic processes. E-cadherin adhesion plays an active role in generating junctional tension by promoting actin assembly and cortical signaling pathways that regulate myosin II. Multiple myosin II paralogues accumulate at mammalian epithelial cell-cell junctions. Earlier, we found that myosin IIA responds to Rho-ROCK signaling to support junctional tension in MCF-7 cells. Although myosin IIB is also found at the zonula adherens (ZA) in these cells, its role in junctional contractility and its mode of regulation are less well understood. We now demonstrate that myosin IIB contributes to tension at the epithelial ZA. Further, we identify a receptor type-protein tyrosine phosphatase alpha-Src family kinase-Rap1 pathway as responsible for recruiting myosin IIB to the ZA and supporting contractile tension. Overall these findings reinforce the concept that orthogonal E-cadherinbased signaling pathways recruit distinct myosin II paralogues to generate the contractile apparatus at apical epithelial junctions.
INTRODUCTION
Cell-cell adhesion integrates epithelial cells to form mechanically coherent tissues Guillot and Lecuit, 2013) . In particular, by physically connecting cells, E-cadherin adhesion provides the mechanical link that couples the contractile cortices of neighboring cells together (Maitre et al., 2012; Levayer and Lecuit, 2013) . This generates contractile tension at the junctions, which can
RESULTS

NMIIB regulates junctional tension at the ZA of MCF-7 cells
We performed these studies in MCF-7 cells, which form prominent ZA. Earlier confocal analyses showed that both NMIIA and NMIIB concentrate at the ZA in confluent MCF-7 monolayers and contribute to its morphological integrity Smutny et al., 2011) . Now, by applying higher-resolution imaging with structured illumination microscopy (SIM), we further found that both paralogues localize in puncta overlying the apical actin rings ( Figure 1A ), which may correspond to the sarcomeric-like organization of actomyosin seen at epithelial junctions in tissues (Ebrahim et al., 2013) .
While depletion of NMIIA decreased tension at the ZA , the potential contribution of NMIIB has not yet been examined. Therefore, to test whether NMIIB can affect junctional tension, we used laser nanoscissors (Konig, 2000) to cut the ZA, identified by expressing E-cadherin-green fluorescent protein (GFP) in E-cadherin RNA interference (RNAi) cells (Smutny et al., 2011; . As previously reported , laser ablation caused the vertices of junctions to recoil from one another, and we calculated the initial velocity of recoil as an index of the tension present in the contact before ablation (Hutson et al., 2003; Fernandez-Gonzalez et al., 2009; Fernandez-Gonzalez and Zallen, 2013; . We compared monolayers depleted of NMIIB by RNAi with both NMIIA knockdown (KD) cells and control monolayers ( Figure 1B ). NMIIB KD reduced recoil ( Figure 1C ) and initial recoil velocities ( Figure 1D ) after ablation as effectively as did NMIIA KD. This suggested that NMIIB also contributes to the generation of contractile tension at the epithelial ZA. We therefore sought to investigate the molecular mechanisms that control its junctional localization.
RPTPα regulates junctional tension and NMIIB junctional localization
We previously found that the accumulation of NMIIB at the ZA required SFK and protein tyrosine phosphatase (PTP) activity . Furthermore, E-cadherin adhesion can activate SFK signaling by a vanadate-sensitive pathway McLachlan and Yap, 2011) , consistent with evidence that PTPs can be upstream of SFKs (Roskoski, 2005) . This suggested that a PTP-SFK pathway might participate in the junctional recruitment of NMIIB (Stoker, 2005; Sallee et al., 2006; .
To begin to pursue this possibility, we first examined PTPs whose catalytic activity has been reported to activate SFKs (Roskoski, 2005; Haj et al., 2012; Monteleone et al., 2012; Murchie et al., 2014) . We tested receptor PTP alpha (RPTPα), receptor PTP sigma (RPTPσ), and PTP1B. RPTPα and RPTPσ have been identified at cell-cell junctions in earlier studies (Murchie et al., 2014; Truffi et al., 2014) , and we confirmed their coaccumulation with F-actin at the ZA in MCF-7 cells (Figure 2A ). In contrast, junctional localization of PTP1B was less evident, the protein staining instead in the perinuclear region and cytoplasm of MCF-7 cells, possibly associated with the endoplasmic reticulum (Haj et al., 2012; Monteleone et al., 2012) . These results suggested that either RPTPσ and/or RPTPα could participate in SFK activation in the context of cell-cell adhesion. Of note, we also recently found that RPTPα regulates the integrity of E-cadherin cell-cell contacts and the process of initial contact formation (Truffi et al., 2014) . Accordingly, we focused on whether RPTPα could affect junctional contractility. First, we tested how depletion of RPTPα by RNAi ( Figure  2 , B and C) affected junctional morphology (Figure 2 , D and E). three mammalian paralogues of nonmuscle myosin II (NMIIA, B, and C) have been reported to localize with F-actin at junctions in tissues and in cultured epithelial cells (Smutny et al., 2010; Ebrahim et al., 2013) . In simple polarized epithelia, actomyosin is especially prominent at the zonula adherens (ZA), a specialized adhesive junction that comprises stabilized clusters of E-cadherin distributed as a ring in the juxtaluminal region of cell-cell contacts, just below the tight junction Wu et al., 2014) . The cortical accumulation of NMII reflects the combined effects at junctions of local actin assembly and cell signaling (Smutny et al., 2010; .
The role of cell signaling is exemplified by the recruitment of NMIIA to junctions by the Rho-ROCK signaling pathway in MCF-7 and Caco-2 cell lines (Shewan et al., 2005; Smutny et al., 2010; . Indeed, Rho signaling localized prominently to the ZA, reflecting coordinated regulation of the Rho activator, Ect2, and an inactivator, p190B RhoGAP, by the centralspindlin complex . Of note, E-cadherin was necessary for Rho signaling at apical junctions (Priya et al., 2013) and localized centralspindlin via an interaction with α-catenin . This emphasizes that the E-cadherin adhesion system can promote junctional tension both by providing the adhesion that couples contractile cortices together and also by contributing to biogenesis of the junctional actomyosin apparatus itself.
Despite their many similarities, different vertebrate NMII paralogues have distinct biophysical properties, cellular functions, and morphogenetic impacts (Vicente-Manzanares et al., 2009; Dulyaninova and Bresnick, 2013; Heissler and Manstein, 2013) . For example, although NMIIA and NMIIB are both found at the ZA of MCF-7 cells, junctional F-actin was affected only by depletion of NMIIB and not by depletion of NMIIA (Smutny et al., 2010) . Similarly, tissue-specific ablation of NMIIB in the mouse brain, where it is highly expressed (Kawamoto and Adelstein, 1991) , resulted in abnormal neuroepithelial morphogenesis (Tullio et al., 2001; Ma et al., 2007) and defects in neuronal migration . In contrast, ablation of NMIIA caused severe adhesive defects in the preimplantation mouse embryo, which failed to develop a functional visceral endoderm (Conti et al., 2004; Wang et al., 2011) . Recently, careful comparison revealed that, although both NMIIA and NMIIB are expressed in the zebrafish neuroepithelium, each NMII paralogue was responsible for distinct cell shape changes during epithelial folding (Gutzman et al., 2014) . Thus the distinct vertebrate NMII proteins are not necessarily functionally redundant.
NMIIB has also been implicated in generating cortical tension during convergent-extension movements (Skoglund et al., 2008) . However, less is known about its potential contribution to junctional contractility at cadherin junctions. NMIIB was necessary for ZA integrity (Smutny et al., 2010) , but whether this translated to an impact on junctional tension was unclear. Nor do we understand well the signaling pathways that support its recruitment to junctions. We earlier found that the Rho-ROCK pathway, which recruited NMIIA to the ZA in MCF-7 mammary epithelial cells, did not have a similar influence on the junctional accumulation of NMIIB (Smutny et al., 2010; . Instead, junctional NMIIB required both Rap1 and Src family kinase (SFK) signaling (Smutny et al., 2010; McLachlan and Yap, 2011) . However, what relationship might exist between these signals was unknown. Accordingly, we sought in the present study to define the contribution of NMIIB to contractile tension at E-cadherin junctions and aimed to elucidate the signaling pathway responsible for its recruitment to the ZA.
RPTPα depletion significantly reduced NMIIB staining at the ZA but not that of NMIIA ( Figure 2H ). Moreover, the reduction in junctional NMIIB was rescued by expression of hemagglutinin (HA)-tagged wild-type (WT) siRNA-resistant mouse RPTPα ( Figure  2I ), confirming that it was due to depletion of this protein. Of note, however, junctional NMIIB was not restored by expression of the phosphatase-deficient mutant RPTPα C433S,C723S (Buist et al., 2000;  Figure 2I ), which localized to junctions as effectively as did WT RPTPα (Supplemental Figure 1A) . As total protein levels of these myosins were unchanged ( Figure 2G ), this suggested that RPTPα activity could regulate the junctional recruitment of NMIIB. This differential impact on myosin II paralogue localization was similar to what we had earlier observed when PTP activity was inhibited by vanadate . Overall these findings identify a contribution of RPTPα to supporting the Whereas control cells displayed junctions that were straight and continuous, those in RPTPα small interfering RNA (siRNA) cells were wavier ( Figure 2D ), a difference that was quantitatively confirmed using a previously reported linearity index ( Figure 2E ; Otani et al., 2006; McLachlan and Yap, 2011) . This was consistent with our earlier finding that global phosphatase inhibition decreased junctional linearity . As this morphological change may reflect changes in apical junctional tension (Otani et al., 2006) , we then used laser nanoscissors to measure tension more directly ( Figure 2F ). We found that RPTPα KD significantly decreased initial recoil velocity, suggesting that apical junctional tension was reduced by depletion of this PTP. Altogether these findings suggested that RPTPα supports contractility at the apical ZA.
We then examined the impact of RPTPα KD on junctional myosin II (Figure 2 , G-I, and Supplemental Figure 1A ). Interestingly, pY419 SFK being similar in immunoblots ( Figure 3 , A-C). This suggested that RPTPα might be necessary to support SFK signaling at the ZA. We then used fluorescence resonance energy transfer (FRET) imaging with specific Src-FRET biosensors to better characterize SFK signaling in live cells. We used an SFK substrate biosensor fused to the membrane-targeting domain of K-Ras (Wang et al., 2005; Seong et al., 2009) . This biosensor (SFK-Bio-tK) contains a phosphorylatable substrate for SFKs fused to the SH2 domain of Src and flanked by cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). When this substrate is unphosphorylated, the CFP and YFP fluorophores are in close proximity, which gives a high FRET signal. However, when the biosensor is phosphorylated, the SH2 domain binds to the phosphorylated substrate to induce a conformational change that reduces energy transfer (Wang et al., 2005) . Thus SFK contractile apparatus of the ZA, presumably through the recruitment of NMIIB.
RPTPα regulates SFK signaling at junctions
PTPs can activate SFK signaling by dephosphorylating an inhibitory tyrosine residue found in many SFKs (Y530 in human Src; Roskoski, 2005) . As its phosphatase activity was necessary for RPTPα to induce the junctional accumulation of NMIIB ( Figure 2I ), we then asked whether this might reflect an impact on junctional SFK signaling. We first immunostained MCF-7 cells using an antibody that recognizes another tyrosine residue (Y419 in human Src) that is phosphorylated when many SFKs are active (pY419 SFK; Ren et al., 2009; McLachlan and Yap, 2011) . We found that the amount of junctional pY419 SFK was significantly lower in RPTPα KD cells than in controls, despite total cellular levels of Figure 2A ). This impact of PP2 on NMIIB was comparable to that seen with RPTPα depletion ( Figure 4B ), but whether SFK signaling also affected junctional tension was unknown. Using laser nanoscissors, we found that PP2 reduced junctional tension at the ZA to a similar extent as did the ROCK inhibitor, Y27632 ( Figure 4C ). This implied that SFK activity could contribute to junctional contractility as substantively as the ROCK pathway.
Several Src family kinases have been implicated in the regulation of cadherin junctions (Calautti et al., 1998; Owens et al., 2000; Piedra et al., 2003; . To test which of these might influence junctional contractility, we probed Western blots for three of the best-characterized family members, c-Src, c-Fyn, and c-Yes. Of these, c-Src and c-Yes were identified in MCF-7 cells, whereas we were unable to detect expression of c-Fyn (unpublished data), as was also recently reported (Elias et al., 2014) . Indirect immunofluorescence activity is reported by a decrease in FRET. Of note, the substrate domain in this biosensor is responsive to Src, and to a lesser extent to Fyn, but not to Yes, Abl, or ERK1 (Wang et al., 2005) .
To test that the biosensor was sensitive enough to report SFK activity at junctions, we performed FRET/YFP emission ratio measurements (an index of FRET) under control conditions, upon treatment with a SFK inhibitor (PP2), or in cells overexpressing a WT c-Src-Cherry construct to increase signaling (Supplemental Figure 1B) . We found that PP2 increased the FRET index ratio, indicating decreased activity, at junctions compared with controls, showing that this biosensor reports junctional SFK activity at the ZA. Conversely, overexpression of c-Src-Cherry decreased the FRET index ratio, a change consistent with the predicted increase in Src activity. These results confirmed that the sensor was specific and sensitive enough to report junctional Src activity in live cells. We then found that, under the same conditions, RPTPα KD increased the FRET index ratio, indicating that junctional SFK activity was reduced (Figure 3, D and E) . Taken with our pY419 SFK immunofluorescence data, this revealed a significant role for RPTPα in promoting junctional SFK activity. Figure 2B) , suggesting that these changes at cell-cell contacts reflected an inability of cells to concentrate E-cadherin into an apical ZA. In parallel, F-actin at the ZA was also significantly reduced by c-Src or c-Yes depletion ( Figure  5 , A and C), changes similar to what we had earlier observed when NMIIB was reduced (Smutny et al., 2010) . Indeed, we confirmed that junctional NMIIB was reduced by either c-Src or c-Yes KD ( Figure  5D ) without a change in the total cellular levels of either NMIIB or actin (Supplemental Figure 2 , D and E ). Overall these findings suggest that both c-Src and c-Yes signaling contribute to regulation of the integrity of the ZA and its contiguous actomyosin cytoskeleton.
SFKs regulate junctional Rap1 signaling
We then sought to investigate the molecular link between SFKs and myosin IIB. One possibility was the GTPase Rap1, whose imaging demonstrated that c-Src localized to the ZA, at the lateral cell-cell junctions located below the ZA, and in a small cytosolic fraction ( Figure 4D ). c-Yes staining was also evident at the ZA and throughout the lateral junctions ( Figure 4D ). To assess the relative contributions of c-Src and c-Yes to junctional SFK activity, we then depleted each of these kinases by siRNA ( Figure 4E ) and quantitated pY419 SFK immunofluorescence at the ZA ( Figure 4F ). c-Src siRNA reduced protein levels by > 60%, associated with an ∼40% decrease in junctional pY419 SFK staining, while c-Yes siRNA depleted protein levels by >90%, associated with a decrease in junctional pY419 SFK of ∼50%. Thus both c-Src and c-Yes contributed to the total junctional SFK activity.
We then asked whether these contributions to junctional signaling extended to affect the morphology of the ZA. Whereas E-cadherin prominently accumulated in an apical ZA ring in control cells, E-cadherin immunofluorescence was significantly reduced by either D and E) . This implied that E-cadherin and RPTPα are in close molecular proximity in MCF-7 cells, as we recently found in Caco-2 colon epithelial cells (Truffi et al., 2014) . The oligomerization state of RPTPα can potentially regulate its activity Jiang et al., 1999) . RPTPα can form homodimers that are inactive because, in their cytoplasmic tails, the membrane proximal region of one monomer can insert into the catalytic site (D1) of the other monomer and vice versa, thereby preventing catalytic activity. This implies that RPTPα can become activated when homodimerization is abrogated Jiang et al., 1999) . We therefore hypothesized that the observed interaction between RPTPα and E-cadherin might reduce RPTPα homodimerization and potentially activate RPTPα. As a first test of this notion, we used fluorescence anisotropy (homo-FRET; Brooks et al., 2014) to test whether overexpression of E-cadherin could affect mRPTPα-Cherry homodimerization at apical cadherin junctions. Fluorescence anisotropy allows the detection of homodimers with high sensitivity, because energy transfer between identical fluorophores that are close to one another causes depolarization of fluorescence emission, thereby reducing anisotropy.
Accordingly, we measured mCherry fluorescence anisotropy in cells expressing cytosolic mCherry, mRPTPα-mCherry, or both mRPTPα-mCherry and E-cadherin-GFP ( Figure 7F ). Fluorescence anisotropy values for mRPTPα-mCherry alone were lower than those for cytosolic mCherry alone, indicating that RPTPα molecules undergo homo-FRET. However, mRPTPα-Cherry anisotropy was increased when E-cadherin was coexpressed. This indicated that the overexpression of E-cadherin decreased energy transfer between RPTPα molecules, suggesting a decrease in RPTPα homodimers. Thus E-cadherin may directly or indirectly alter the oligomerization status of RPTPα, a potential mechanism for its activation.
DISCUSSION
Cell-cell junctions are contractile apparatuses in which tension is generated to influence morphogenesis (Heisenberg and Bellaiche, 2013; Liang et al., 2014) . E-cadherin serves as an active mechanical agent: it contributes to generating junctional tension, both by mechanically coupling the contractile cortices of neighboring cells together (Maitre et al., 2012) and also by participating in biogenesis of the junctional actomyosin apparatus itself (Smutny et al., 2010; Verma et al., 2012) . Multiple myosin II paralogues are expressed in mammalian cells, and all of these can be found at adherens junctions. However, they may be subject to different signaling pathways and potentially have distinct contributions to junctional biology (Smutny et al., 2010 (Smutny et al., , 2011 . Earlier, we showed that NMIIB influences ZA integrity (Smutny et al., 2010) . We have now extended this analysis to demonstrate that NMIIB, like NMIIA, contributes to the generation of junctional tension at apical ZA. Further, the recruitment of NMIIB and generation of junctional tension is subject to a RPTPα-SFK-Rap1 signaling pathway, distinct from the Rho-ROCK pathway responsible for recruitment of NMIIA (Smutny et al., 2010; . Accepting that we have assayed myosin recruitment as the target of regulation, these findings reinforce the notion that orthogonal signaling pathways converge to regulate different myosin II paralogues at cadherin junctions.
In earlier studies, we found that SFK and Rap1 signaling contributed to recruiting myosin IIB to the apical ZA in MCF-7 cells (Smutny et al., 2010; McLachlan and Yap, 2011) . Our current experiments allow us to place these in a signaling pathway downstream of the membrane-bound RPTPα. SFK activity was necessary for Rap1 to be active at the ZA, but inhibition of Rap1 did not affect SFK signaling at junctions. Thus SFK activity could be placed upstream of Rap1. activity can be regulated by protein kinases (Balzac et al., 2005; Pannekoek et al., 2009) . Rap1 localizes to cell-cell junctions (Knox and Brown, 2002; Hogan et al., 2004; Balzac et al., 2005; Li et al., 2010) , and we earlier found that it was necessary for the junctional recruitment of NMIIB (Smutny et al., 2010) . Accordingly, we asked whether junctional Rap1 signaling was affected by inhibiting SFK activity. First, we assessed Rap1 localization by live-cell imaging of GFP-Rap1 in control and PP2-treated cells ( Figure 6A ). Control cells displayed stable localization of this reporter at the ZA and to a lesser extent in the perinuclear region. However, this pattern was not altered by treatment with PP2.
As protein localization does not necessarily reflect the distribution of the GTP-loaded, active form of Rap1 (Nakamura et al., 2005) , we then expressed the established Rap1-Raichu FRET reporter in MCF-7 cells to assess potential changes in Rap1 activity (Mochizuki et al., 2001) . Control cells showed clear energy transfer at the ZA, confirming that this is a site for Rap1 signaling ( Figure 6B ). Furthermore, junctional Rap1-Raichu FRET emission ratios were significantly reduced by PP2, suggesting that SFKs are necessary for junctional Rap1 signaling (Figure 6 , B and C). In contrast, Rap1KD by siRNA did not affect junctional SFK signaling as assessed using the Src FRET reporter (Supplemental Figure 3) . This placed Rap1 downstream of SFK signaling at cadherin junctions.
Because our earlier data identified RPTPα as an activator of junctional SFK signaling, this implied that junctional Rap1 signaling might also be influenced by RPTPα. Indeed, we found that RPTPα KD reduced the Rap1 FRET index to a similar degree as PP2 ( Figure  6 , B and C). Moreover, PP2 treatment did not further decrease Rap1 activity in RPTPα KD cells ( Figure 6C ). We therefore conclude that a RPTPα→SFK→Rap1 pathway resides at the ZA.
A number of mechanisms can allow SFK signaling to regulate Rap1 (Kooistra et al., 2007; Pannekoek et al., 2009) . In one of these, SFK phosphorylates the adaptor protein, p130Cas, to recruit Rap1 GEFs, such as C3G (Sawada et al., 2006) . To test whether p130Cas might be relevant at the ZA, we measured junctional Rap1 activity by FRET when p130Cas was depleted by siRNA ( Figure 6D ). Neither junctional Rap1 activity nor junctional NMIIB levels ( Figure 6 , E and F) were affected in p130cas KD cells, despite an ∼70% decrease in p130Cas levels ( Figure 6D ). This suggested that p130Cas is not a key mediator of SFK signaling to Rap1 at the ZA.
E-cadherin may affect the oligomerization state of RPTPα at the ZA Finally, we asked how RPTPα activity might be regulated at the ZA. We recently observed that RPTPα was necessary both for steadystate SFK signaling at cell-cell junctions and for E-cadherin ligation to activate SFK (Truffi et al., 2014) . Together these results suggested that E-cadherin might also signal through RPTPα to support SFK signaling at the ZA. Consistent with this, we found that SFK activity, as measured by pY419 SFK immunofluorescence, was significantly reduced by E-cadherin siRNA (Figure 7, A and B) .
Accordingly, we focused on analyzing the relationship between E-cadherin and RPTPα. We found that RPTPα coimmunoprecipitates with endogenous E-cadherin in MCF-7 cells ( Figure 7C ), indicating that these proteins can interact biochemically. To corroborate this, we performed fluorescence lifetime imaging (FLIM) analysis of GFP in control cells that expressed E-cadherin-GFP alone or in cells that coexpressed E-cadherin-GFP with either mouse RPTPα-mCherry (Truffi et al., 2014) or with cytosolic mCherry. We detected a GFP fluorescence lifetime of ∼2.2 ns when E-cadherin-GFP was expressed alone. However, coexpression of mRPTPα-mCherry, but not of cytoplasmic mCherry, significantly reduced E-cadherin-GFP lifetime due affect either junctional Rap1 activity or NMIIB content (Balzac et al., 2005; Sawada et al., 2006; Asuri et al., 2008) . Whether C3G and/or other Rap GEFs (Pannekoek et al., 2009 ) influence junctional contractility has yet to be tested. Both actin dynamics Leerberg et al., 2014; Wu et al., 2014) and myosin recruitment contribute to junctional tension. NMIIB may support junctional contractility through its behavior as a high-duty ratio actin-based motor (De La Cruz and Ostap, 2004) . In addition, NMIIB can indirectly affect the contractile apparatus by influencing actin assembly. We earlier found that NMIIB depletion reduced steady-state junctional F-actin (Smutny et al., 2010) , an effect that is also seen in RPTPα-depleted cells (Truffi et al., 2014) . We also recently found that NMIIB can support junctional actin homeostasis through the tension-sensitive recruitment of vinculin, which anchors Mena/VASP proteins at the ZA to promote actin assembly (Leerberg et al., 2014) . Thus NMIIB may promote contractility at junctions by regulating the junctional actin cytoskeleton as well as through its intrinsic force-generating capacity.
Further, RPTPα, a recognized activator of SFKs (Harder et al., 1998; Su et al., 1999) , was necessary for junctional SFK and Rap1 signaling and ultimately supported junctional myosin IIB and contractile tension.
Multiple Src family kinase members are expressed in mammalian epithelial cells, where they can have redundant or nonredundant functions. Our current data suggest that both c-Src and c-Yes contribute to the junctional SFK signaling that recruits NMIIB to support junctional contractility. Similarly, both these kinases influence collective cell movements during gastrulation (van Eekelen et al., 2010) and the mechanical properties of MDCK cells (Andreeva et al., 2014) and zebrafish epithelia (Yoo et al., 2012) . Thus RPTPα may regulate multiple kinase targets to support junctional contractility. Downstream, SFK may regulate Rap1 by phosphorylation of the scaffold protein p130Cas and/or the Rap1GEF G3G (Radha et al., 2004; Balzac et al., 2005; Sawada et al., 2006; Asuri et al., 2008; Birukova et al., 2013) . However, we were unable to detect p130Cas at cellcell junctions (unpublished data); nor did depletion of p130Cas (E) Analysis of GFP fluorescence lifetime when fused to E-cadherin and expressed alone (E-cadGFP) or coexpressed with mRPTPα-mCherry or soluble mCherry. Measurements were performed in regions of interest localized at the ZA. (F) mCherry fluorescence anisotropy measurement performed using live cells expressing mCherry alone, mRPTPα-mCherry alone, or mRPTPα-mCherry and E-cad-GFP. Data in B and E are means ± SEM for at least 25 contacts per condition. **, p < 0.01; ****; p < 0.0001, two-tailed t test (B) and one-way ANOVA, Dunnett's multiple-comparison test (E). Data in F are means ± SEM for at least 50 images (∼150 contacts) per condition. *, p < 0.05; ****, p < 0.0001 one-way ANOVA. added to 250 μl of OptiMEM (Life Technologies) and incubated at room temperature (RT) for 5 min. This was added to 250 μl of the corresponding siRNA (at 0.5-1 μM) and made up to 500 μl with OptiMEM. The Lipofectamine/DNA solution was incubated for 20 min at RT, and then the volume of this solution was increased to 1.25 ml with OptiMEM and used for incubation on cells at 37°C for 5 h before the medium was replaced with DMEM (supplemented with 10% FBS, 1% non-essential amino acids, 1% l-glutamine, 100 U/ml penicillin, 100 U/ml streptomycin). The cells were incubated at 37°C for a further 48 h and were subjected to a second round of siRNA transfection. Cells were analyzed 24 h after this step. In experiments in which siRNA was cotransfected with an additional plasmid (e.g., a biosensor), the plasmid was added to the transfection mix only in the second round of transfection.
Plasmids and shRNA reagents
A lentivirus-based system (Rubinson et al., 2003; Vitriol et al., 2007) was used to functionally silence NMIIA and NMIIB in mammalian cells, as previously described (Smutny et al., 2010) . The lentivirus expression vector pLL5.0 and packaging constructs pMDLg/pRRE, RSV-Rev and pMD.G were gifts from Jim Bear (University of North Carolina, Chapel Hill, NC). MCF-7 cells were incubated at 37°C with lentiviral particles in DMEM and polybrene solution (8 μg/ml) and harvested by trypsinization 72 h after infection. The Src biosensor (SFK-Bio-tK: ECFP-SH2-LInker-SFKsubstrate peptide-YPet) and GFP-Rap1WT were gifts from Yingxiao Wang (University of California-San Diego, La Jolla, CA) and Mark Philips (New York University School of Medicine, New York, NY), respectively. Raichu-Rap1 was a gift from Michiyuki Matsuda (Kyoto University, Japan). pmCherry-N1 was from Clontech (Palo Alto, CA). mRPTPα-mCherry was obtained by cloning mouse RPTPα (Sap et al., 1990) at the N-terminus of mCherry in pmCherry-N1. HAtagged mouse RPTPα WT and RPTPa C433S,C723S were generously provided by Jeroen den Hertog (Hubretch Institute, The Netherlands) and described previously (Buist et al., 2000) . Mouse E-cadherin-GFP cloned into a pll5.0 vector encoding a shRNA against the 3′ UTR sequence of the human CDH1 gene was described previously (Smutny et al., 2011) .
Antibodies and immunoprecipitation
Primary antibodies used in this study were as follows: 1) mouse mAb HECD1 against the ectodomain of E-cadherin (a gift from Peggy Wheelock, University of Nebraska, Omaga, NE, with the permission of M. Takeichi); 2) rabbit pAb against myosin IIA (PRB-440P; Covance, Dedham, MA); 3) rabbit pAb against myosin IIB (PRB-445P; Covance); 4) rabbit pAb against GAPDH (2275; R&D Systems, Minneapolis, MN); 5) rabbit pAb against RPTPα ; and 6) rabbit pAb from Millipore (07-472; Billerica, MA); 7) phospho-Src family (Y416) antibody (2101; Cell Signaling, Boston, MA); 8) mouse monoclonal (FG6) anti-PTP1B (Calbiochem, Billerica, MA); 9) rabbit pAb against RPTPσ (AF3430; R&D Systems); 10 and 11) rabbit pAb against c-Yes and mAb against c-Src were from Cell Signaling and Santa Cruz (Dallas, TX), respectively; 12) mouse mAb against p130Cas (610271; BD Transduction, San Jose, CA); and 13) mouse anti-HA clone 16B12 (MMS-101P; Covance). F-actin was stained with Alexa Fluor 488-, 546-, 594-, and 647-phalloidin (1:1000 dilution; Invitrogen). Secondary antibodies were species-specific antibodies conjugated with Alexa Fluor 488, 546, 594, or 647 (Invitrogen) for immunofluorescence, or with horseradish peroxidase (Bio-Rad, Hercules, CA) for immunoblotting.
Immunoprecipitation analysis was performed as described previously (Truffi et al., 2014) .
Furthermore, NMIIB is not the only target of RPTPα-SFK signaling at cadherin junctions. Another is the scaffolding protein cortactin, a known substrate for SFK (Weed and Parsons, 2001 ), which we recently identified as a target of RPTPα-SFK junctional signaling (Ren et al., 2009; Truffi et al., 2014) . Depletion of RPTPα perturbed the integrity of the ZA by decreasing the apical concentration of E-cadherin. This phenocopied the impact of cortactin depletion and, indeed, the ZA of RPTPα KD cells could be restored by expression of a phosphomimetic cortactin mutant (Truffi et al., 2014) . RPTPα-SFK signaling may therefore coordinate multiple pathways that ultimately determine the morphological integrity of the ZA and its contractile behavior.
Finally, our findings indicate that E-cadherin supports the junctional SFK signaling pathway, as it does junctional Rho-ROCK signaling Priya et al., 2013) . Thus E-cadherin depletion reduced SFK activity in our current experiments, as it also reduces Rho signaling (Priya et al., 2013) . However, more remains to be learned about how E-cadherin might activate the RPTPα-SFK pathway. RPTPα can be activated by several mechanisms (den Hertog et al., 1995; Tracy et al., 1995; Zheng et al., 2000) , but an interesting clue lies in the capacity for homodimerization to inhibit the catalytic activity of RPTPα. It has been shown recently that disruption of this autoinhibitory mechanism may increase Src activity in a significant subset of colon, breast, and liver human tumors (Huang et al., 2011) . We found that E-cadherin can physically interact with RPTPα in both immunoprecipitation and FLIM-FRET analyses, suggesting that it may form a heterodimer with RPTPα (Truffi et al., 2014) . Further, overexpression of E-cadherin reduced homo-FRET between RPTPα at junctions, as assessed by fluorescence anisotropy. We therefore postulate that interaction with E-cadherin may activate RPTPα by reducing its homodimerization. Whether this is the mechanism responsible for recruiting myosin IIB to junctions is an important question for future research.
MATERIALS AND METHODS
Cell culture
MCF-7 cells were maintained in DMEM (Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 1% l-glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin.
Leutingwolde, The Netherlands) attached to an inverted microscope (Olympus IX71) as described previously (Hill et al., 2008) . Confluent MCF-7 cells were transiently transfected with mEcad-GFP (donor) alone or cotransfected with mEcad-GFP and mRPTPα-mCherry or with mCherry (using a 1:3 ratio of plasmid DNA). Samples were then excited using a sinusoidally modulated 3-W 470-nm LED at 80 MHz under epi-illumination. For lifetime measurements, a 1 M fluorescein solution (pH 8.0) was used as a reference standard. Cells were imaged with a 60×/1.45 NA oil-immersion objective using a GFP filter set, and lifetime values were obtained on regions corresponding to the ZA.
Fluorescence anisotropy
Fluorescence anisotropy measurements were performed as described recently (Brooks et al., 2014) . Briefly, MCF-7 cells were transiently transfected with mCherry or mRPTPα-mCherry or cotransfected with mRPTPα-mCherry and mEcad-GFP (pLL5.0, mE-cadGFP). Cells were imaged live at 37°C by confocal microscopy, and images were acquired on a LSM710 Zeiss confocal microscope equipped with a Plan-Apochromat 40×/1.4 NA oilimmersion objective (Zeiss, Jena, Germany). Images were acquired by using a 561-nm laser excitation line and collecting the corresponding emissions in the range of 580-620 nm using band-pass emission filters. Fluorescence emission was split into the components parallel (I par ) and perpendicular (I per ) to the plane of excitation by a polarized beam splitter. The fluorescence anisotropy was determined by measuring average values of I par and I per on regions of interest at the cell-cell junctions in Image J and using the following equation:
where the correction factor G was estimated using r 0 = 0.35 of soluble mCherry as reference (Bader et al., 2011; Lindenburg et al., 2013) . Data presented are mean r values calculated across the different images (∼50 cells per condition) and their SEs.
Laser nanoscissors
Nanoscissor experiments were performed on a LSM 510 meta Zeiss confocal microscope equipped with a 37°C heating stage as described previously (Caldwell et al., 2015) . Images were acquired with a 63×/1.4 NA oil-immersion Plan-Apochromat lens at 2× digital magnification. A total of six frames were acquired with an interval of ∼8 s per frame. The Ti-sapphire laser (Chameleon Ultra; Coherent Scientific, US) was tuned to 790 nm for the ablation of cell-cell contacts labeled with Ecad-GFP. A constant region of interest of 3.8 × 0.6 μm was positioned with the longer axis perpendicular to the cell-cell contact. Contacts were ablated with 30 iterations of 790-nm laser at 24% transmission. The distance (d) between vertices that define the ablated contact was measured as a fraction of time (t). Distance values after ablation were subtracted from the initial contact length, d (0) . Finally, statistical analysis for control-normalized average initial recoil between different groups was performed by ANOVA or t test as described in the corresponding figure caption.
Drug treatments
MCF-7 cells were seeded at 30-40% confluency onto coverslips and allowed to recover to 80-90% confluency before drug treatment. Cells were treated for 1 h with PP2 (529573; Calbiochem) or Y-27632 (688000; Merck) at a final concentration of 25 and 30 μM, respectively.
Immunofluorescence imaging
Cells were fixed with 10% trichloroacetic acid on ice for 15 min for RPTPσ staining or fixed in 4% paraformaldehyde in cytoskeletal stabilization buffer (10 mM PIPES pH 6.8, 100 mM KCl, 300 mM sucrose, 2 mM EGTA, 2 mM MgCl 2 ) on ice for 30 min and subsequently treated with 50 mM NH 4 Cl for 10 min. Permeabilization was then performed with 0.2% saponin/0.1% bovine serum albumin in Tris-buffered saline. Confocal images were taken using a Zeiss LSM-510 META inverted microscope and Zeiss LSM-710 FCS inverted microscope driven by ZEN software (ZEN 2009; Zeiss) and an Elyra microscope system equipped with a C-Apo 63×/1.2-W Korr objective for structured illumination microscopy.
Quantitation of fluorescence at contacts
Quantitative analysis of fluorescence intensity at contacts was performed using the plot profile function of ImageJ. A line of 10 μm in length (averaged over 20 pixels) was positioned orthogonal to, and centered upon, randomly chosen contacts. Numerical values for the fluorescence intensity profile along this line were obtained using the plot profile feature of ImageJ. The baseline for each field of view was corrected by subtracting a constant value from each of the intensity profiles. Average profiles typically yielded peak-shaped curves with sides trending to zero, which were then fitted to a Gaussian function. Peak values for individual contacts were obtained by nonlinear regression. A minimum of 50 contacts from three individual experiments were measured. Statistical analysis was then performed by using a two-tailed t test or one-way analysis of variance (ANOVA) corrected for multiple comparisons, as detailed in the figure captions.
Linearity index
The linearity index for each contact was measured as the ratio of the direct linear distance between the vertices and the actual contact length and expressed as percentage values as described previously .
FRET measurements
MCF-7 cells were transiently transfected with FRET-based biosensors designed to measure Src (SrcBio-tK) and Rap1 (Raichu-Rap1) activity in live cells. FRET measurements were performed 24 h after transfection. Cells were imaged live on a LSM 710 Zeiss confocal microscope equipped with a chamber incubator at 37°C. Images were acquired with a 63×/1.4 NA oil-immersion objective Plan-Apochromat lens. A first scan was used to simultaneously record donor and FRET channels using a 458-nm laser line, collecting the emission in the donor emission region (BP 470-500 nm) and acceptor emission region (BP 530-560 nm), respectively. A second scan was then used to acquire simultaneously cross-talk and acceptor images using the 514-nm laser line for excitation and collecting the emission in the donor and acceptor emission regions. Scans were acquired sequentially line by line. The FRET index was calculated for every image as the average [FRET/ Acceptor] emission ratio for pixels located at cell-cell junctions.
FLIM
FRET-FLIM experiments were carried out using a frequency domain lifetime fluorescence imaging module (Lambert Instruments,
